Abstract p24 proteins are assumed to play an important role in the transport of secreted and transmembrane proteins into membranes. However, only few cargo proteins are known that partially, but in no case completely require p24 proteins for membrane transport. Here, we show that two p24 proteins are essential for dorsoventral patterning of Drosophila melanogaster embryo. Mutations in the genes, eclair (eca) and baiser (bai), encoding two p24 proteins reduce signalling by the TGF-b homologue, Dpp, in early embryos. This effect is strictly maternal and specific to early embryogenesis, as Dpp signalling in other contexts is not notably affected. We provide genetic evidence that in the absence of eca or bai function in the oocyte, the maternally expressed type I TGF-b receptor Tkv is not active. We propose that during early embryogenesis eca and bai are specifically required for the activity of the maternal Tkv, while the zygotic Tkv is not affected in the mutant embryos. Mutations in either eca or bai are sufficient for the depletion of Tkv activity and no enhancement of the phenotypes was observed in embryos derived from oocytes mutant for both genes. The dependence of maternal Tkv protein on the products of p24 genes may serve as an in vivo model for studying p24 proteins. q 2004 Published by Elsevier Ireland Ltd.
Introduction
During Drosophila embryogenesis, the dorsoventral axis is originally established when the transcription factor, Dorsal (Dl), is translocated into nuclei in a graded manner (Roth et al., 1989) . As a direct consequence of the Dorsal gradient, different domains of zygotic gene expression become established at the cellular blastoderm stage. On the ventral side twist and snail are expressed, leading to development of the mesoderm (Leptin, 1991) . Laterally, several genes-including sog (Francois et al., 1994) -are expressed as stripes of different width (for review see Rusch and Levine, 1996) . On the dorsal side, genes whose expression is inhibited elsewhere by Dl are expressed. Among others, they include decapentaplegic (dpp) (Ray et al., 1991) and tolloid (tld) (Shimell et al., 1991) .
In contrast to the ventral and lateral domains, the dorsal domain of expression is initially very broad and later is subdivided in a secondary process-the activation of Dpp and Scw pathways-into several domains of target genes expression (Jazwinska et al., 1999; Ashe et al., 2000) . Dpp, a TGF-b homologue acts through the type II receptor Punt (Put) and type I receptor Thick veins (Tkv) (Nellen et al., 1994; Brummel et al., 1994; Penton et al., 1994; Letsou et al., 1995; Ruberte et al., 1995) . Tkv phosphorylates the regulatory SMAD homologue Mad, which then binds the co-SMAD homologue Medea. The Mad/Medea complex is translocated into the nucleus where it activates transcription of its target genes (for review see Affolter et al., 2001) . Although the Dpp pathway acts zygotically, Put, Tkv, Mad, and Medea are supplied maternally, which allows the quick activation of the signalling pathway upon secretion of Dpp.
The uniform expression of dpp in the dorsal half of the embryo is modulated by several processes, leading to the different level of activation of the downstream components. First, Dpp is thought to form a shallow gradient by diffusing from the site of its expression. Second, proteins modulating the activity of Dpp-Sog and Tld-also diffuse from their lateral and dorsal domains of expression, respectively. Sog binds Dpp and prevents it from activating the receptor (Holley et al., 1996) , while Tld cleaves Sog, thereby releasing Dpp (Marques et al., 1997) . Moreover, Sog/Dpp complex diffuses faster than Dpp alone (Eldar et al., 2002) and in the dorsal-most region Sog is cleaved by Tld, resulting in a local increase of Dpp activity (Holley et al., 1996) . Third, in ventrolateral cells, the Mad/Medea complex competes with the transcriptional repressor, Brinker (Brk), for binding to target promoters (Jazwinska et al., 1999) . Fourth, the Scw pathway enhances Dpp activity in the dorsal-most cells. Scw is another TGF-b homologue that acts through the same type II receptor Put as Dpp, but through a different type I receptor, Saxophone (Sax). The Scw/Sax pathway is only active in cells in which Dpp/Tkv pathway is activated (Nguyen et al., 1998; Neul and Ferguson, 1998) . Therefore, the activation of Scw/Sax together with Dpp/Tkv results in the establishment of the dorsal-most fate. Different levels of Dpp and Scw activation eventually lead to development of characteristic cuticular structures, which are helpful markers for analysing mutations affecting the pathway. When one of the essential components of the Dpp signalling cascade-dpp, put, tkv, mad or Medea-is missing, the embryo has a completely ventralised cuticle, that is dorsal and lateral structures are replaced by a ventral cuticle. Partial depletion of one of these gene products or the lack of tld, scw or sax genes leads to partial ventralisation when only dorsal and eventually dorsolateral structures are missing.
Here, we describe weakly ventralised mutants in two genes, which we call eclair (eca) and baiser (bai), encoding two members of the p24 protein family. p24 proteins are very abundant in the endoplasmic reticulum (ER) and Golgi apparatus (Stamnes et al., 1995; Sohn et al., 1996) . They bind both COP I and COP II coat proteins (Fiedler et al., 1996; Dominguez et al., 1998; Sohn et al., 1996; Bremser et al., 1999) and thus are thought to promote formation of both COP I and COP II vesicles, which transport cargo between the Golgi apparatus and ER, and between different compartments of Golgi (for review see Wieland and Harter, 1999) . p24 proteins have been suggested to function as receptors for cargo proteins. However, until now only the transport of some proteins, like Gas1p and Invertase, has been shown to be reduced but not abolished in yeast lacking either one or all eight p24 genes (Schimmoller et al., 1995; Springer et al., 2000) . This defect does not have severe consequences, since all eight p24 genes can be removed in yeast without affecting the growth rate (Springer et al., 2000) . Also, p24 mutants in C. elegans are viable and show no obvious defects on their own (Wen and Greenwald, 1999) . On the other hand, however, knocking out a p24 gene in the mouse resulted in an early embryonic lethality (Denzel et al., 2000) .
Another role for p24 proteins was proposed by Wen and Greenwald (1999) who showed that p24 proteins prevent membrane localisation of the C. elegans Notch homologues, Lin12 and Glp1 proteins, which have mutations in their extracellular domains, but do not affect the wild type Lin12 and Glp1 proteins. They proposed that the lumenal domains of p24 proteins could interact with the misfolded extracellular domains of Lin12 and Glp1 proteins and prevent them from entering the COP II vesicle. This model could explain how highly conserved p24 proteins could be redundant if their only function would be to remove misfolded forms of secreted or membrane proteins. These misfolded proteins might normally only slightly reduce a cell's fitness but from an evolutionary point of view their removal could have a crucial meaning.
Here, we show that mutations in eca and bai specifically reduce Dpp signalling during early embryogenesis. We provide genetic evidence that this reduction is caused by affecting specifically the activity of maternally expressed Tkv protein, while the otherwise normal development of the embryo suggests that other membrane proteins are not affected. Both p24 genes are not redundant, as removing of either eca or bai completely abolishes the signalling by maternally expressed tkv gene and no enhancement of the phenotype is observed when both genes are mutated.
Results

eca and bai are maternal effect genes required for embryonic dorsoventral patterning
In a screen for germline specific maternal mutations affecting embryonic patterning (Luschnig et al., 2004) we found single mutations in two different genes, which we called eclair (eca) and baiser (bai), and which showed very similar phenotypes. Germline clones obtained from either mutant using the FLP-DFS technique (Chou and Perrimon, 1996) gave rise to weakly ventralised embryos (Fig. 1B,D ) that were not rescued by a paternally provided wild type copy of the gene. We will refer to these embryos as eca or bai embryos. A second allele of eca with a similar phenotype was found as an associated mutation in another screen (JG, unpublished) (Fig. 1C) . The weak ventralisation observed in the cuticles is caused by the lack of amnioserosa (Fig. 1F,G) .
Flies homozygous or hemizygous for any of the mutations: eca 1 , eca 2 or bai 1 showed reduced survival, eclosing at a rate estimated to be between 0.1 and 20% of the expected number. The homozygous or hemizygous males showed reduced fertility and the females laid no eggs, although many developed late oocytes were present in their ovaries and they appeared morphologically normal (data not shown). The difference between oocytes derived from germline clones and from homozygous or hemizygous females suggests that both genes, apart from their role in embryonic patterning, have somatic functions, most likely in the follicular epithelium (see below).
eca and bai act downstream of dorsal
In order to test at which level eca and bai act in the dorsoventral patterning system we obtained females, which produced eggs from germline cells homozygous for an amorphic allele of dl and homozygous for either eca or bai. Embryos derived from dl; eca or dl; bai eggs formed cuticles lateralised at the filzkörper level-a long dorsalised cuticle with a characteristic filzkörper ring (Fig. 2B,C) , or occasionally patches of the filzkörper material at the posterior tip (data not shown). The filzkö rper is a dorsolateral structure and is never found in completely dorsalised embryos ( Fig. 2A) . This result strongly suggests that eca and bai act downstream of the Dorsal transcription factor. Identical results were obtained for eca spätzle (spz), eca Toll (Tl) and eca pelle ( pll) double mutant combinations, when amorphic alleles of the dorsal group genes, spz, Tl or pll, were used (data not shown).
We also examined the expression of target genes of Dl and Dpp/Scw pathways in mutant embryos. Two lateral stripes of rhomboid (rho), a direct target of Dl, were not changed in eca and bai mutants, while the dorsal rho stripe, which is controlled by the Dpp/Scw pathways, was missing in the mutants (see Fig. 2D -F) . Also, dpp RNA expression was not changed in early embryos, at which stage it is repressed by Dl (data not shown). These results show that lateral and dorsal transcriptional targets of Dl are not affected, while a dorsal target of Dpp/Scw is not expressed in eca and bai mutants, and again confirm that eca and bai act downstream of dl, and are required for Dpp/Scw signalling.
eca and bai encode two p24 proteins
In order to positionally clone eca and bai, both genes were mapped genetically by using a set of overlapping deficiencies. eca was included in Df(3R)by10, Df(3R)by62 and Df(3R)GB104, and excluded from Df(3R)by416, and was thus mapped to the cytological band 85E. To map eca more accurately, we applied a site-specific recombination technique, in which recombination is induced in males at the insertion site of a P-element by mobilisation of the transposon (Preston and Engels, 1996) . By using this technique, eca was mapped between the P-element insertions l(3)s056113 and l(3)s048103 (Deak et al., 1997) , which were lethal insertions in the Scm and dmt genes, respectively (Fig. 3A) . From male recombination we obtained two recombinants, which carried both the l(3)s007934 element marked with white þ , and eca 1 on the same chromosome. These recombinants were used to obtain meiotic recombinants between l(3)s007934 and l(3)s048103 (see Section 4) and to map the mutation according to van Eeden et al. (2001) . Five recombinants were obtained and we analysed DNA polymorphisms to map eca more accurately. The eca 1 mutation mapped into the middle of a 35 kb fragment, with two unmapped meiotic recombination breakpoints to the left and two to the right (see Fig. 3A ). We started to sequence this fragment from the middle aiming to go into both directions until a candidate mutation is found and confirmed. In the first 5 kb of the sequence we found one point mutation in the mutant chromosome compared to the parental chromosome on which the mutation had been induced. This mutation changes G to A in a gene CG33104 encoding a p24 protein.
In the second allele, eca 2 , we found a 300 bp deletion in the same gene.
The second gene, bai, was mapped by non-complementation of Df(3R)XTA1 to the cytological interval 96B -96C. Several P-element insertions, which are mapped cytologically to the bands 96A -96D were used for the site-specific male recombination mapping. bai mapped into a 170 kb region between P-elements l(3)01207 and l(3)j2D9 (Spradling et al., 1999) , where another member of the p24 gene family, CG11785, was present. We amplified and sequenced DNA for this candidate gene from homozygous bai 1 flies and found a G to A mutation in the splice site at the 3 0 end of intron 3. Sequence analysis of the RT PCR product showed a 10 bp deletion in the mRNA, indicating that a cryptic splice site located 10 nucleotides downstream was used (see Fig. 3B ).
In order to confirm that we had identified the correct genes, we generated transformants with both genes expressed under UAS-GAL4 control. Using the GAL4 driver line CY2, which is specific for the follicular epithelium (Queenan et al., 1997) , we could rescue the egg-laying defect in eca 1 /eca 1 flies with one of the two different UAS-eca transgenes tested while the embryonic patterning defect was not rescued (Fig. 4A ). This result indicates that the egg-laying defect in eca/eca females is caused by a lack of eca function in the follicular epithelium rather than in the germline. eca 1 /eca 1 females carrying UAS-eca, CY2-GAL4, and nos-GAL4 driver, which is expressed in germline (Van Doren et al., 1998) , were laying eggs from which normal flies developed. We could rescue neither the egg-laying defect nor the ventralisation of embryos with the same drivers and any of four independent UAS-bai transgenes. This might be due to the high levels of expression required. To confirm that we identified bai correctly we transformed flies with a genomic bai fragment 
(C) embryos (the genotype refers to the maternal germline from which the embryo derives). Completely dorsalised embryos form long cuticle with very fine dorsal hairs and dorsal denticles, which are difficult to observe in dark field microscopy (A). However, when embryos are also mutant for eca (B) or bai (C) they are lateralised as observed by the presence of the dorsolateral structure-filzkörper material, shown by arrows. (D-F) In situ hybridisation of late stage 5 embryos with rhomboid (rho) probe. In wild type embryos (D) expression of lateral rho stripes is activated by low levels of Dorsal, while expression of dorsal rho stripe is activated synergistically by Dpp/Scw pathways. In eca 2 (E) and bai 1 (F) embryos, the lateral stripes are not affected while the dorsal stripe is missing.
(see Section 4). The transgene rescued viability and fertility of bai/bai females. We conclude that eca and bai encode members of the p24 protein family in Drosophila.
Both genes are uniformly expressed at high levels throughout development as assessed by in situ hybridisation in different embryonic stages and in imaginal discs (data not shown). This is consistent with a very high expression of p24 proteins in mammalian cells.
Eca and Bai are the two closest paralogs among D. melanogaster p24 genes, they show about 30% identity Fig. 3 . Analysis of mutations in eca and bai. (A) eca mapped into a region included in Df(3R)GB104 and not included in Df(3R)by416. By P-element induced male recombination, eca 1 mutation was mapped between the insertions l(3)s056113(P56113) and l(3)s048103 (P48103). By meiotic recombination between l(3)s007934 (P7934) eca 1 and P48103 chromosomes five w recombinants were obtained, three of which were eca 1 and two eca þ . Breakpoints of these recombinants were mapped by analysis of DNA polymorphism, described in Section 4. Mutation eca 1 was most likely to map close to polymorphic DNA B as shown by the shaded bar, since it locates to the right of two recombination breakpoints in 15 kb region and to the left of two breakpoints in 20 kb region (distances are approximate). We sequenced about 5 kb of eca 1 DNA and found a mutation as described in the text and Section 4. (B) Schematic organisation of eca and bai genes, showing leader peptide, lumenal domain, transmembrane domain and cytoplasmic domain with central nucleotides of COP I binding motif KK and COP II binding motif FF. eca 1 has a stop codon instead of the codon for tryptophan 201. In eca 2 , 300 nucleotides sequence TGGCCCTGATTCTGT…TACGCGACAGCGACG is deleted and replaced by a single A, resulting in a deletion after serine 7 and an associated frame shift. In bai 1 , the consensus AG at 3 0 splice site at intron 3 is mutated, resulting in the usage of a cryptic splice site located downstream. Consequently, cDNA of bai 1 has a deletion of 10 nucleotides followed by a frameshift. The sequence recognised as a junction between intron 3 (plain text) and exon 4 (outlined text) is shown for both bai þ (upper sequence) and bai 1 (lower sequence). (C) Sequence alignment of Eca and Bai proteins. Both proteins show weak homology over the whole length. The homology is higher for the 50 amino acids at the C-terminus where it reaches 45% identity and 80% similarity. and 50% overall amino acid similarity. Only a stretch of 50 amino acids at the C-terminus shows higher conservation on both sides of the transmembrane domain where it reaches 45% identity and 80% similarity (Fig. 3C ). However, both proteins have more closely related homologues in other organisms, Eca is about 70% identical and 85% similar to its vertebrate homologues, and Bai is about 60% identical and 75% similar to its vertebrate homologues (data not shown). Eca and Bai correspond to proteins dp24a and dp24b, respectively, according to the nomenclature of Dominguez et al. (1998) . BLAST analysis showed that in Drosophila there are altogether seven p24 genes (data not shown).
Analysis of the mutations in eca and bai
Sequence analysis shows that eca 2 is a null mutation, since it has a large deletion of coding sequences associated with a frame shift so in the predicted protein the first seven amino acids are followed by a nonsense polypeptide (Fig. 3B) . On the other hand, eca 1 has a missense mutation removing only the 16 C-terminal amino acids, which correspond to the cytoplasmic domain (see Fig. 3B) . On a genetic level, both mutants look identical as eca 1 and eca 2 show indistinguishable cuticle phenotypes. The strong phenotype of eca 1 suggests that the cytoplasmic domain is essential for the protein's function, although alternatively the expression of the mutant protein could be decreased due to its instability. In the bai 1 mutant, a 3 0 splice site at intron 3 is inactivated, and a cryptic site located 10 nucleotides downstream is being used. This results in a small deletion in the transcript followed by a frame shift replacing 82 C-terminal amino acids with three amino acids. As discussed for both eca alleles, we predict the bai 1 allele to lead to a complete loss of function phenotype.
eca and bai are functionally non-redundant genes
Since eca and bai are the two most closely related fly p24 paralogs it is possible that they have partially redundant functions. We therefore analysed the phenotype of double mutants lacking both eca and bai function. Embryos from eca bai double mutant germline did not differ from either eca or bai embryos alone (Fig. 4B) . Also, eca 1 bai 1 /eca 2 bai 1 double mutants occasionally survived to adulthood and showed no obvious defects. eca 1 bai 1 /eca 2 bai 1 females, like females mutant for one of the genes, contained many developed oocytes.
p24 proteins have been shown to form heterooligomers (Fullekrug et al., 1999; Marzioch et al., 1999; Jenne et al., 2002) . Our finding that the phenotype of eca bai double mutants is similar to either single mutant is consistent with biochemical evidence for an oligomeric complex of different p24 proteins, and provides genetic support that each p24 subunit is crucial for the activity of the complex.
2.6. Genetic interactions of eca and bai with the Dpp/Scw pathways indicate that eca and bai affect the activity of the maternal Tkv protein
The molecular nature of p24 proteins suggests that Eca and Bai do not participate in TGF-b signal transduction per se, but rather affect transport of one or more members of the cascade in a quantitative or qualitative manner. The target(s) of eca and bai could be either membrane or secreted proteins, as only those could physically interact with Eca and Bai proteins inside the ER or Golgi apparatus. There are seven known candidate genes in the Dpp/Scw pathways for membrane or secreted proteins, which could be potentially affected: dpp, scw, put, sax, tkv, sog and tld. sog and tld may be, however, excluded as the ventralising effect is still seen in double mutants dl; eca and dl; bai (compare Fig. 2B ,C) in which sog should be not expressed (Ashe and Levine, 1999) , while a major function of Tld is to cleave Sog. We obtained embryos lacking maternal eca or bai function, and at the same time lacking maternal sax or put, zygotic scw or having reduced dosage of zygotic dpp (see Section 4). In these embryos, the lack of either component, that is eca or bai on one side, and sax, put, dpp and scw on the other side, causes a similar degree of ventralisation. No enhancement of ventralisation was observed in any of these cases (compare Fig. 4C ,D for put and data not shown for others, as described in Section 4). We also tried to obtain double mutants for both maternal tkv and bai, by producing double germline clones. It was, however, not possible, since tkv clones produce very few eggs (see Xie and Spradling, 1998) and no homozygous bai clones could be obtained in a tkv mutant background (data not shown).
The genetic tests described above suggest two possible ways in which lack of eca or bai would cause ventralisation of the embryos. First, the expression of all targets could be reduced in embryos derived from eca or bai oocytes, so further reduction of the expression of only one of them-as we tested above-would have no visible effects. The second possibility is that only maternally supplied proteins would be affected. The candidate target proteins are Tkv, Sax and Put, as Scw and Dpp are not expressed maternally.
When we obtained embryos lacking maternal eca or bai, and at the same time lacking zygotic tkv function (tkv m Fig. 5D ,E) they showed completely ventralised cuticles, indistinguishable from the cuticles of embryos lacking both maternal and zygotic tkv SL144 (tkv SL144 m 2 z 2 , Fig. 5C ). The same result was obtained also when embryos from tkv SL144 /þ ; eca/eca germline were transheterozygous for tkv SL144 and other amorphic alleles of tkv (data not shown). We conclude that in embryos derived from eca/eca or bai/bai oocytes activity of the maternal Tkv is abolished while the zygotic Tkv is not affected. This effect was very strong and contrasting with the lack of detectable interactions in other tested combinations. The specificity of this interaction was emphasized by the observation that no embryos without maternal put and zygotic tkv show such a strong ventralisation (data not shown).
Although the effect of eca and bai on the maternal Tkv is sufficient to cause the ventralising phenotype, it appears possible that the other maternally expressed Dpp receptor encoded by put would be affected in a similar way. To test this possibility we needed to obtain female germline clones homozygous for either eca or bai and heterozygous for put. We produced such clones by inducing mitotic recombination between put and bai in the female germline with X-rays as described in Section 4 and shown in Fig. 5G . In this experiment, we looked for strongly and weakly ventralised cuticles, which were coming from two types of germline clones: put 2 bai 2 /put 2 bai 2 and put 2 bai 2 /put þ bai 2 . Since put 2 /put 2 germline cells are quickly eliminated from the ovaries, the weakly and strongly ventralised cuticles from eggs laid by older females originate only from put 2 bai 2 /put þ bai 2 germline (see Section 4). As shown in Fig. 5G when bai 2 embryos from eggs laid by older females were analysed, and a quarter of these eggs were also deprived of the zygotic put, no strongly ventralised cuticles were observed among 30 cuticles scored. This result very strongly indicates that put (m þ z 2 ) bai (m 2 ) embryos are weakly ventralised, and therefore the maternal put activity is not significantly affected in bai embryos.
Wing development is slightly affected in eca and bai flies
We carefully investigated whether other processes that require Dpp signalling are affected in eca and bai mutants. tkv 1 flies have been described to have thickened veins branching close to the wing margin. This effect is stronger at low temperatures and also is stronger in females than in males (Terracol and Lengyel, 1994) . Wings of homozygous bai flies raised at 19 8C have slightly thickened veins, which form delta-like structures close to the wing margin (Fig. 6C ). This effect clearly depends on bai, since flies derived from the same bottle which are homozygous for bai but carry a P(bai) transgene have normal wings (Fig. 6D) . The wings of flies raised at 25 8C looked normal (Fig. 6B) , also the phenotype at 19 8C was weaker in males than females (data not shown). Similar, but weaker phenotypes were observed for both eca alleles (Fig. 6E,F) .
pnr expression is delayed in eca and bai embryos
Our results suggest that in eca or bai mutants Dpp signalling is delayed until the zygotically expressed Tkv protein is produced. The delay in the onset of Dpp signalling should result in delayed expression of target genes, which are activated by low levels of Dpp. We decided to look at the expression of the pannier ( pnr) gene, which is not regulated by Dl and is activated by low levels of Dpp (Winick et al., 1993; Heitzler et al., 1996; Jazwinska et al., 1999) . In wild type embryos, pnr expression could first be detected during the cellular blastoderm stage (Fig. 7A -C) . In eca (Fig. 7D -F ) and bai embryos (Fig. 7G -I ), the first detectable pnr expression begins in embryos that are undergoing changes of cell shapes (see Fig. 7E,H) , which indicate the beginning of gastrulation. Also, the staining in mutants is weaker and irregular as compared to wild type (Fig. 7C,F,I ). This irregular staining would be expected if ). As seen in D and E abolishing maternal expression of either eca or bai and zygotic expression of tkv results in a complete ventralisation of the cuticle similar to tkv SL144 m 2 z 2 . Since the lack of maternal eca or bai mimics the lack of maternal tkv it shows that both eca and bai are necessary for the production of active Tkv from the maternal mRNA. (F) Embryo from Tl 10B /þfemale. The cuticle was not cleared completely to show that it is formed only in a part of the embryo. (G) Females of the genotype put 135 bai 1 /Tl 10B were irradiated with X-rays (see Section 4). These females were producing embryos with a characteristic Tl 10B phenotype (F), unless a germline clone deprived of Tl 10B had been induced. X-ray induced recombinations marked with white and black arrows resulted in germline clones put 135 
) and thus weakly ventralised (WV) like in (A), while the other half was not paternally rescued ( put (m 2 z 2 ) bai (m 2 )) and thus strongly ventralised (SV) like in (C-E). These eggs were laid only in first days (see Section 4), as shown by the red arrow. The eggs from put 135 bai 1 /put þ bai 1 clones were laid throughout the whole egg-collection period (two green arrows directed towards early and late collections) and they gave rise to all or at least vast majority of scored embryos from the late collection. Since 25% of the embryos developed from these eggs have no zygotic put and all 30 bai 2 embryos from the late collection are weakly ventralised we assume that put (m cells start expressing pnr after accumulating threshold levels of Tkv, since slight and random differences in amounts of Tkv among cells might lead to visible differences in the Dpp signalling.
Tkv localisation appears normal in eca and bai mutants
The genetic experiments described above show that maternally supplied tkv is not active in eca and bai embryos.
This could be explained either by the impaired membrane transport of Tkv or by production of inactive Tkv receptor. We stained embryos with anti-Tkv antibodies and could not observe any difference between the wild type and mutant embryos (data not shown). Since the staining was weak, we injected RNAs encoding two isoforms of Tkv into early embryos and looked for localisation of the protein in the proximity of the injection site (Fig. 8) . Strong staining close to the site of injection showed that Tkv protein was stained specifically. However, no clear difference could be observed between control and mutant embryos: in all cases Tkv protein was detected in the apical cytoplasm and more concentrated close to the membrane. This result suggests that most of the Tkv protein is present in the secretory or endocytic pathway and this localisation is not changed in the eca and bai embryos. We cannot rule out that overexpression of Tkv protein leads to overloading of the secretory system and the localisation under these circumstances does not reflect physiological conditions. However, when we analysed Tkv localisation at the border of the injection sites where the amount of overexpressed Tkv drops forming a gradient (compare Fig. 8A ), at all positions of the gradient we saw a similar distribution (data not shown). We cannot, however, exclude that subtle differences exist but are not detectable by antibody staining with our protocol.
Discussion
p24 proteins are considered to be good candidates for receptors, which recruit secreted and transmembrane proteins to secretory pathway although, at least in yeast, they can be removed without severe consequences (Springer et al., 2000) . Data from C. elegans show that p24 proteins might also be involved in preventing the misfolded proteins from being transported to the membrane. However, to date a case of a protein whose transport or activity would strictly depend on p24 genes has not been reported.
In this paper, we show that two p24 proteins, Eca and Bai, seem to be necessary to accomplish activity of maternally expressed Tkv receptor during early Drosophila embryogenesis. This conclusion is based on genetic interaction experiments: removal of the maternal contribution of eca or bai mimics the removal of maternal tkv. In other words, when the lack of maternally expressed tkv, eca or bai is accompanied by the lack of zygotically expressed tkv in each case embryonic cuticle is completely ventralised. This interaction seems to be specific, as the other tested genes: dpp, scw, sax, and put do not show obvious genetic interactions with eca and bai. This difference is especially interesting with regard to maternal put. Despite the similarities between Tkv and Put proteins, tkv interacts very strongly with eca and bai while no interaction could be observed between put and bai. Also, apart from the defect in early Dpp signalling, eca and bai embryos appear to develop quite normally. It might be even possible that the only affected gene is tkv.
Interestingly, no enhancement of the phenotype in the eca bai double mutant was observed, which closely resembles the situation in yeast: deletion of one of the p24 genes shows the same defects in transport as deletion of all eight genes (Springer et al., 2000) . The lack of enhancement in eca bai double mutants is also consistent with biochemical data showing that p24 proteins form a heterooligomeric complex (Fullekrug et al., 1999; Jenne et al., 2002) . However, we cannot exclude that the removal of one of the p24 proteins will destabilise the others, as it has been shown that p24 proteins can be co-regulated: a decrease in the quantity of one of the proteins reduces the amount of the others (Belden and Barlowe, 1996; Marzioch et al., 1999) .
How do Eca and Bai interact with Tkv?
The major question is how eca and bai affect the activity of the tkv gene. We propose three possible models, which are summarised in Fig. 9 . The simplest model is that both p24 proteins participate in the formation of the COP II bud in ER and recruit Tkv to the bud (Fig. 9A ). We were, however, not able to see any difference in Tkv localisation in eca and bai mutant compared to wild type embryos, which would argue against this model. Since this was a negative result we cannot exclude potential subtle differences of Tkv localisation, which we were unable to detect using our staining procedure. One could also imagine that the correctly transported Tkv is seen in the endocytic pathway while in eca or bai embryos Tkv accumulates in the secretory pathway and both stainings might look very similar.
In the second model, a fraction of Tkv would be misfolded under physiological conditions but p24 proteins would prevent the misfolded Tkv from being transported into membranes (Fig. 9B) , which is in agreement with the model of Wen and Greenwald (1999) . Normally, therefore, only active Tkv receptor would be present in the plasma membrane, but in eca or bai embryos the misfolded Tkv would reach the membrane and by a dominant negative interaction it would block Tkv activity. In this case no clear difference in Tkv localisation would be expected, which is consistent with our results. The weakness of this model is that rather a high proportion of Tkv should be expected to be misfolded.
For the third model, Eca/Bai would play an essential role in folding or posttranslational modification of Tkv (Fig. 9C) . This contradicts the implications that p24 proteins act in transport of vesicles between ER and Golgi compartments. But, since there is no strong evidence that p24 proteins are real cargo receptors in vivo, this model should be considered in the future research. Also, p24 proteins might act here indirectly, for example, they might be necessary for localisation of an unknown factor, which modifies Tkv protein and this modification is necessary for the receptor's activity. Although this model is quite speculative, it would fit well our results-Tkv protein would be expressed and localised correctly in the eca/bai embryos, but would not be active.
Why Eca and Bai are required predominantly during early embryogenesis?
Although eca and bai mutants show reduced viability, the flies homozygous or hemizygous for either mutation can survive until adulthood and apart from slight defects Fig. 9 . Models for interaction of p24 proteins with Tkv. The scheme shows secretion of Tkv protein and its transient or final localisation into ER (dark box), Golgi (light box) and plasma membrane (thick line). On the left side localisation in the normal embryo and on the right side in the mutant embryo, respectively, are shown. (A) Eca and Bai proteins are directly involved in recruiting Tkv into transport vesicles, so in the mutants Tkv is not transported and accumulates in ER. (B) A proportion of Tkv is misfolded at its extracellular part and p24 proteins either prevent the misfolded Tkv from being transported to Golgi or they participate in its retrograde transport back to ER. In the mutants the misfolded Tkv is not prevented from entering the secretory pathway and reaches the plasma membrane, where in a dominant negative way it inhibits the activity of the active receptor below the threshold level necessary for the activation of target genes. (C) Eca and Bai are necessary for the production of an active Tkv receptor, which localised normally in the mutants but is inactive. This function could be achieved either by participation in the folding or by a posttranslational modification, and also could be indirect if an intermediate factor was mislocalised and could not catalyse a necessary modification or folding of Tkv.
in wing development they do not differ from wild type flies. The most characteristic and penetrant phenotype of eca and bai mutations is that they lead to the lack of the maternal tkv activity during early embryogenesis. It is striking that tkv activity is so severely disrupted at this stage, while it is not notably affected in many other developmental contexts in which the gene is required. We did not observe phenotypes characteristic of hypomorphic tkv mutations: short legs, split thorax, and lack of wing veins in the homozygous or hemizygous mutants. Since there are two Tkv isoforms and one of them is predominantly maternal (Brummel et al., 1994; Okano et al., 1994) , it seems likely that only the maternal isoform might be affected in eca 2 and bai 2 cells. Since the zygotic Tkv lacks the leader peptide it would be folded in the cytoplasm, using different chaperones, and subsequently translocated to ER by a different mechanism (Fewell et al., 2001) . Also, the two isoforms have different N-termini. These molecular differences could be the reason why only the maternal form is affected in eca and bai embryos.
A second possibility is that tkv is expressed maternally at the levels only slightly exceeding the requirement and thus its activity would be affected if the overall rate of membrane transport were decreased in eca and bai embryos. But then, the zygotic Tkv would have to be transported and act very rapidly as it induces pnr expression only slightly later than under normal conditions. However, it could be still possible as the zygotic Tkv protein lacks the leader peptide and it would be transported to the ER through a different mechanism (for review see Fewell et al., 2001) and possibly also with different kinetics.
A third possibility is that tkv mRNA would be translated only for a limited time while during the development of the oocyte and early embryogenesis there would be three phases of the protein transport. The first phase would be independent of eca and bai and majority of the maternal secretory and transmembrane proteins would be translated at this stage. The second phase would be dependent on eca and bai, and maternally deposited tkv mRNA would be translated only at this stage. The third phase would be independent of eca and bai and coincide with the beginning of the zygotic transcription after the maternal tkv mRNA would have been degraded.
Comparison of the function of p24 proteins in different situations
p24 genes exist in multiple copies in different eucaryotic organisms, including seven genes in Drosophila. p24 proteins are highly conserved among different organisms, for example, eca is 73% identical and 87% similar to its vertebrate and worm homologues, and bai is 60% identical and 73% similar to its vertebrate homologues. The high similarity of p24 proteins suggests that they play a conserved role. However, their importance is not clear, since all yeast paralogs could be deleted without affecting the fitness of the cells (Springer et al., 2000) . Also mutations in p24 genes in C. elegans are viable and fertile (Wen and Greenwald, 1999) . On the other hand, knocking out a p24 gene in the mouse resulted in an early embryonic lethality and probably was cell lethal (Denzel et al., 2000) .
In the fly, both p24 genes identified here are required maternally for embryonic patterning, yet not essential for the viability, although we cannot rule out a possibility that the maternally expressed eca and bai genes are sufficient until adulthood. In two cases they are, however, essential: in follicular epithelium, and for the activity of maternally expressed tkv. If the maternal activity of tkv, and maybe also of a limited number of other proteins, was independent of eca and bai, both p24 genes would also not be required in germline. This explains the apparent difference between the yeast and mouse mutants: if activity of one essential protein depends on p24 proteins, the p24 knock out will be lethal which could be the case in the mouse. Regardless of the role of p24 proteins in either recruiting cargo into COP vesicles or preventing misfolded proteins from being transported, p24 proteins seem to be functionally redundant with other factors acting in a parallel pathway. However, some proteins might require specifically the p24 pathway for their proper secretion or activity, like the maternal tkv.
The function of eca and bai in the follicular epithelium appears quantitative. At the last stage of the oocyte development the epithelium produces the outer covers of the oocyte, the vitelline membrane and the chorion. Since production of the vitelline membrane and the chorion requires secretion of big amounts of structural proteins (for review see Waring, 2000) either secretion or removal of the misfolded proteins might be not efficient enough in cells which are mutant for eca or bai.
We show that genetic interactions with tkv might be very useful for studying p24 genes, as for two of the proposed models (Fig. 9B,C) examining Tkv directly by immunohistochemistry is not even expected to detect its dependence on eca and bai. The maternal functions of eca and bai therefore provide a model system in which questions concerning functions of p24 proteins can be addressed, and open up the possibility to study the cell biology of TGF-b receptor secretion using a powerful genetic tool.
Experimental procedures
Fly stocks and crosses
Most of the mutants used in this study are referenced in Flybase. They came from the Tübingen collection (http:// www.eb.tuebingen.mpg.de/dept3/home.html) or were obtained from Bloomington, Umea or Szeged Stock Centers. The mutants tkv
SL144
, sax SL73 and sax SL306 , were found in a screen for germline specific female sterile mutations (Luschnig et al., 2004) . FRT and hsFlp chromosomes were described in Chou and Perrimon (1996) . Females FRT82B mutation 1 mutation 2/TM6B were crossed to hsFlp; FRT82B ovo D 3R/TM6B males and females producing clones were obtained as described above. † eca(bai) dpp: Females hsFlp; FRT82B eca(bai)/FRT82B ovo D 3R were collected as virgins and crossed to males Dp(2;1)G146/Y; dpp 48 /CyO. Embryos from this cross are eca(bai) and they should have 1, 2, or 3 copies of dpp in proportions 1:2:1. No variability was observed among the cuticles, therefore the number of dpp copies has no significant affect on eca and bai embryos. † bai scw: Females hsFlp; scw S12 /CyO; FRT82B bai/ FRT82B ovo D 3R, derived from heat-shocked larvae, were collected as virgins and crossed to males scw S12 / CyO. All progeny are bai, and one quarter also scw S12 / scw S12 . No ventralisation stronger than in the control scw S12 /scw S12 embryos was observed.
were collected as virgins and crossed to males tkv X /CyO. All embryos from the cross lacked maternal eca or bai and one quarter of them also lacked zygotic tkv.
Females put 135 bai 1 /TM3, P{hs-hid}, Sb 1 were crossed to males put 135 bai 1 / Tl 10B . The first instar larvae from this cross were irradiated with X-rays according to Perrimon et al. (1986) and on the next day heat-shocked at 37 8C for 1 h to kill the flies carrying the balancer, so all flies from the cross were put 135 bai 1 /Tl 10B . The flies, including about 1000 females, were kept in a cage at 25 8C, eggs were collected daily and cuticles (about 100,000 -500,000) were prepared. These flies, due to the dominant maternal mutation Tl 10B laid eggs, which developed into embryos containing only mesoderm or eventually also weakly differentiated cuticle (Erdelyi and Szabad, 1989) (Fig. 5F) cuticles. Since put 2 germline stem cells are quickly eliminated from the germarium (Xie and Spradling, 1998) eggs from put 2 germline clones are laid only in the first few days after eclosion of the female (SB, unpublished observation). Therefore, the late collection, after 4 days, should contain only eggs from put 2 bai 2 / put þ bai 2 germline clones.
Cloning of the genes
eca complemented Df(3R)by416 but did not complement Df(3R)by62, Df(3R)by10 and Df(3R)GB104, based on which we placed it into an interval containing seven identified complementation groups (Lindsley and Zimm, 1992) . eca complemented the following available mutants from the interval: knk, Scm, hyd, l(3)85Ed, l(3)85Eb (gift of Dr Shearn). From several P-element insertion lines in the region 85E, which were lethal over Df(3R)by62 (Deak et al., 1997) , three complementation groups were also lethal over Df(3R)GB104 and viable over Df(3R)by416. Plasmids were rescued from the original lines by cutting with Eco RI, religation and transformation to E. coli. The insertion sites were in Crc, Scm and dmt genes for l(3)s007934, l(3)s056113 and l(3)s048103, respectively. Site specific male recombination (Preston and Engels, 1996) was carried out between these P-element insertions and the st eca 1 cu sr chromosome using CyO, H{w þ D2-3} transposase and crossing them to homozygous females ru th st cu sr e Pr ca. st cu þ sr þ or st þ cu sr flies were tested for complementation to eca. From this experiment l(3)s007934 eca 1 recombinants were obtained. About 200 females w; l(3)s007934 eca 1 þ /þ þ l(3)s048103 were crossed to males w; TM3 Sb/TM6B and about 50,000 progenies were obtained. The progeny was scored for white eyes resulting from recombination between l(3)s007934 and l(3)s048103 in one direction. Five recombinants were found. For analysis of polymorphisms, DNAs from homozygous eca 1 flies and a homozygous line from l(3)s048103 excision were used as templates to amplify a chosen fragment. Sequence analysis revealed polymorphisms, which were used to test DNAs from the five recombinants. Polymorphic DNA A was ACAGTATCAA(T/C)CGGTCGGAGG and DNA B AACACAAGTA(T/C)AACTGACCCT (see Fig. 3A) , where letters in brackets show a differing nucleotide, the variant present in the published sequence is shown in bold.
Transformation
RT PCRs were obtained with Marathon cDNA Amplification Kit (Clontech) using AP2 primer for the 3 0 ends, and CTACTCGAgAAAGTCACTGC and gggcatcgATTTTGT-TAGATTTAAATTG primers for 5 0 ends of eca and bai cDNAs, respectively, the capital letters show the sequences present in cDNAs. The 5 0 primers were located in 5 0 UTRs of both genes and were present in some of the predicted ESTs. cDNAs were cloned into pBSK, sequenced and subcloned into pUASp (Rorth, 1998) , which was used to generate transformants. The structures of eca and bai were consistent with the predicted genes CG33104 and CG11785, respectively. For bai, a 7.7 kb Eco RI fragment (from the sequence GAATTCCAAGGATTTACTTG to the sequence GTATGTTGATATGTGAATTC), including the entire bai gene and truncated fragments of the neighbouring genes was subcloned from the genomic clone BAC3I15 into pW8 (Klemenz et al., 1987) . One transformant was obtained, which completely rescued viability and fertility of bai/bai females.
Preparation of embryonic cuticles
Embryonic cuticles were prepared as described (Roberts, 1998) , with the exception that after dechorionation, embryos were shaken once in 1:1 volumes of methanol and heptane, and washed several times in methanol to remove vitelline membranes.
tkv RNA injections
RT PCRs for both tkv isoforms (Penton et al., 1994; Brummel et al., 1994) were obtained with the Marathon cDNA Amplification Kit. These fragments were used to replace tkv sequence in pCS2-Tkv* (Jazwinska et al., 1999) , so two constructs encoding both wild type Tkv isoforms were obtained. From these constructs RNAs were obtained with SP6 polymerase using the Message Machine kit (Ambion) and injected at concentration 1 mg/ml into 1 -2 h-old embryos. The injected embryos were allowed to develop until the late blastoderm stage, fixed for 20 min with 4% formaldehyde and stained with anti-Tkv antibodies according to Teleman and Cohen (2000) .
Immunochemistry and in situ hybridisation
Detection of transcripts in situ was done according to Tautz and Pfeifle (1989) . Nuclei were visualised with oli green (Molecular Probes). Immunostaining of 5 -6 h-old embryos with anti-Krüppel rabbit antibodies was done according to Jazwinska et al. (1999) , detecting them with AP-conjugated antibodies as for in situ hybridisation.
